Shedding light on the fabric of space-time
The idea that space-time might be fundamentally fuzzy is much debated among theorists. A search for signatures of this effect on light from distant cosmic sources has come up empty-handed, but shows the potential of this approach.
G I OVA N N I A M E L I N O -C A M E L I A
O ne of the most fascinating journeys in science concerns the evolution of the description of space and time. Examples of milestones on this journey are the realization that time is relative and that space-time bends in response to the presence of heavy particles and bodies 1 . Only one feature of the initial naive conceptualization of space and time by Isaac Newton has survived: in current theories, space-time is still viewed as a smooth entity. However, even this last Newtonian pillar is now being scrutinized. The main prediction of the theory of quantum mechanics, which underlies many of the advances of fundamental physics in the twentieth century, is that the results of a large class of measurements are affected by irreducible uncertainties. And all attempts to apply this successful theory to the description of space-time suggest that, as a result of some of these uncertainties, space-time should be fundamentally fuzzy. Writing in Astronomy & Astrophysics, Tamburini et al. 2 describe how they have searched for an imprint of spacetime fuzziness on light from sources located at large distances from Earth.
In a fuzzy space-time, particles would travel much like a car on a bumpy road, with the notion of a smooth trajectory emerging only if observations cannot resolve the effects of the bumps (Fig. 1) . Unfortunately, the magnitude of the 'bumps' of spacetime -the scale of space-time fuzziness -is horrifyingly small. This scale is expected to be of the order of the minuscule Planck length, L p , which is about 10 −35 metres and is defined as
where G is Newton's constant of gravity, ћ is the reduced Planck constant of quantum mechanics and c is the speed of light.
Distance Time
Theoretical studies of space-time fuzziness have been an active area of research since at least the 1960s, when John Wheeler pointed out 3 the significance of this feature and coined the catchy term 'space-time foam' to describe it. But for a long time there was no experimental counterpart to these studies, because it seemed that 'bumps' with a magnitude of 10 −35 metres should forever be beyond the reach of the sensitivity of any experimental apparatus. Moreover, devising detailed candidate models of space-time fuzziness is hard, because essentially it involves combining the complexity of quantum mechanics with the intricacies of general relativity 4 . As a result, phenomenological approaches to describing space-time foam started to gain momentum only quite recently. A first wave of studies 5, 6 attempted to 'parameterize our ignorance' about space-time foam and to compensate for the smallness of the Planck length by studying the effects of fuzziness for particles travelling across distances of a few kilo metres on Earth. But then, with a second wave of investigations 7, 8 , it became clear that this strategy could be generalized to the case of observations of light from certain classes of distant astrophysical sources. And it is this astrophysics version of the approach to testing space-time fuzziness that Tamburini et al. 2 adopt in their study. The authors' analysis exploits the fact that, as a result of space-time fuzziness, the wavefront of a light wave from a distant source is expected to develop tiny corrugations as it travels, such that some portions of the wavefront are advanced while others are retarded. For propagation over large cosmological distances from Earth, this wavefront corrugation can add up to give a macroscopic effect. Tamburini et al. searched for this effect in images of around 160 distant quasars (extremely luminous galactic nuclei powered by supermassive black holes), all at redshift greater than 4. Their analysis benefits from both the large number One might think that their job would simply be to get out of the way, a crowd that must stand aside for the main actors. But there is now good reason to believe that water has a much more active role in the dialogue between the more celebrated constituents of the cell. When a protein binds its ligand, associates with another protein or folds into its functional form, the surrounding solvent acts as a versatile intermediary and facilitator. Three papers [1] [2] [3] uncover the subtlety and sophistication of that role and, in doing so, challenge some common perceptions of how biomolecular recognition operates.
One of the key concepts in the interactions of biomolecules is the hydrophobic effect, which loosely characterizes the tendency of hydrophobic particles and surfaces to aggregate in aqueous environments 4, 5 . Proteins typically bury their hydrophobic amino-acid residues in their interior as they fold; and hydrophobic groups on ligands are generally juxta posed to similar surfaces in an enzyme's binding site. Proteins themselves associate into larger aggregates -as functional assemblies, for example, or as fibrillar misfolded structures in neurodegenerative diseasesby marrying up their hydrophobic surfaces. Yet there is still no consensus on how these hydrophobic interactions operate.
The traditional picture, now decades old, invokes an enhanced ordering of water molecules around the hydrophobe that preserves the hydrogen bonding of water molecules in the bulk 6 . In this view, the coming together of hydrophobes expels the intervening 'ordered' water into the bulk phase, an entropically favourable process. Although still routinely used, this picture receives no real support from experiments probing local hydration structures 7 . It has been argued 8 that there are, in fact, two distinct size regimes in which hydrophobic effects work. Small hydrophobic particles can be accommodated in water without affecting hydrogen-bonding networks, whereas larger ones unavoidably break hydrogen bonds, generating a 'soft' interface at the surface of the particle that is analogous to that between liquid and vapour. These extended surfaces then stick together because of a de-wetting transition: at a certain separation of particles, the water is collectively expelled from between them. The crossover between these two pictures is predicted to be at size scales of about 1 nano metre -precisely the scale that is relevant to the association and folding of proteins. Evidence for de-wetting in the aggregation of protein subunits has, however, been conflicting 9, 10 . In Proceedings of the National Academy of Sciences, Li and Walker 1 now report that such a length-scale crossover exists, albeit one that decreases from around 11.4 ångströms at 48 o C to 3.5 Å at 150 o C. They have used the tip of an atomic-force microscope to unravel a collapsed hydrophobic polymer in such a way that monomers buried in the collapsed mass become exposed to water one at a time, whereupon they become hydrated by water molecules. The authors found that, for polymers in which the monomers have large hydrophobic side-chains (about 1 nm long), there is a maximum value for the free energy of monomer solvation at which the entropy of hydration changes from being positive to negative -in other words, this is the crossover predicted previously 8 . One objection to the de-wetting picture was that it was likely to be too difficult to nucleate a 'dry' region between hydrophobic surfacesthat is, to create a vapour cavity in the water. But a recently published model 10 of solvation suggests that part of the surface of melittin, a peptide that can apparently aggregate by de-wetting 11 , is sufficiently hydrophobic to permit spontaneous cavitation. Others have suggested 12,13 that de-wetting draws on the intrinsic fluctuations of water density at the water-hydrophobe interface, and another recent study 14 has shown that biomolecules may tune these fluctuations so that they sit close to a de-wetting transition. This tendency of biological systems to bring themselves in proximity to a phase transition, and thereby to enable sensitive and pronounced responses to small changes in the environment, is probably generic 15 . Also in Proceedings of the National Academy of quasars and a calibration technique that is based on images of relatively nearby stars, for which the effects of space-time fuzziness are expected to be negligible.
The result of Tamburini and colleagues' analysis is negative: the authors found no evidence for space-time fuzziness. But this could be the start of an exciting season for space-time research. Their study convincingly establishes that, by adopting techniques based on wavefront corrugation, several parameterizations of space-time fuzziness occurring at the Planck length can already be ruled out and others could be tested in the near future. This was inconceivable in the days of Wheeler's proposal, and only a speculative hope even a few years ago 5, 6 . At this point, theories of space-time fuzziness might be lagging behind experiments. It is widely appreciated that the multi-parameter models adopted in studies such as that of Tamburini et al. are rather crude. These models should be good enough for preliminary estimates but are not sufficiently refined to provide detailed guidance for experimentalists looking for a manifestation of space-time foam. In particular, there is no compelling mathematical description for the behaviour of light waves in the presence of fuzziness. So far, the descriptions rely on taking as a starting point Maxwell's wave equation and then introducing heuristically some plausible implications of fuzziness. This is partly why the authors of a study 9 similar to that of Tamburini et al., while also concluding that this type of analysis can allow detection of fuzziness at the Planck scale, legiti mately argue for slightly different estimates of the bounds presently established on some parameterizations of fuzziness.
The development of refined models of space-time foam does not look much easier now than it did in the 1960s. But having established the possibility of probing fuzziness at the Planck length experimentally, there will be plenty of motivation for facing the challenges that theory presents. If experimentalists are guided by refined descriptions of space-time foam, they might find its signature in the not-so-distant future. But for now, the last pillar of the Newtonian description of space-time still stands. ■
